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Translation elongation factor eEF1A is a G-protein which has a crucial role in the ribosomal polypep-
tide elongation and possesses a number of non-translational functions. Here, we show that the
A,A⁄,A0 helices segment of mammalian eEF1A is dispensable for the eEF1A  eEF1Ba complex forma-
tion. The A,A⁄,A0 helices region did not interact with actin; however, its removal eliminates the actin
bundling activity of eEF1A, probably due to the destruction of a dimeric structure of eEF1A. The
translation function of monomers and the actin-bundling function of dimers of mammalian
eEF1A is suggested.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction of higher eukaryotic eEF1A2  GDP [5] considered together withThe main function of eEF1A  GTP is to form a complex with
aminoacyl-tRNA, to place the latter into the A/T site of 80S
ribosome and, lastly, to provide GTP for the hydrolysis during the
process of selecting a correct aminoacyl-tRNA by the mRNA-
programmed 80S ribosome [1]. Afterwards, eEF1A  GDP interacts
with the nucleotide exchange complex eEF1B where GDP/GTP
exchange results in production of the eEF1A  GTP complex ready
to bind a next aminoacyl-tRNA [2]. In higher vertebrates, there
are two isoforms, eEF1A1 and eEF1A2, which show 93% identity
and 97% homology [3,4].
The role of the A,A⁄ and A0 helices in the processes of the
eEF1Ba-catalyzed nucleotide exchange in non-bacterial EF1A has
been suggested recently [5]. This region is involved in nucleotide
binding as it comprises the phosphate binding segment G1 and
ends just before G2 segment, with possible distortion of the effec-
tor Switch 1 structure in the truncated protein. The X-ray structurethe structure of lower eukaryotic eEF1A complexed with eEF1Ba
[6] and archaeal aEF1A  GTP [7,8] gave the ground for suggestion
that the positions of the A⁄ and A0 helices are signiﬁcantly altered
in the complex with eEF1Ba (‘‘intermediate conformation’’) as
compared to the GDP and GTP conformations of EF1A. Based on
the helix A0 mutagenesis studies [9] the Y56A W58A mutated
eEF1A was supposed to lose the ability to be stimulated by
eEF1Ba, though the physical interaction with the latter may be
preserved [5].
Limited trypsinolysis of mammalian eEF1A in vitro produces
the protein (DeEF1A) devoid of its N-terminal 69 amino acids
region comprising the A,A⁄,A0 helices [5,10]. The impact of trunca-
tion on the eEF1A functions has been examined in the different
tests with some contradictory results caused presumably by vari-
ous levels of the DeEF1A puriﬁcation [10–13]. Earlier, rabbit
DeEF1A showed a decreased ability to bind GTP and GDP and to
stimulate translation of poly(U) [13,14]. The role of the A,A⁄,A0
helices region of eEF1A in the interaction with the nucleotide
exchange factors remains unidentiﬁed.
eEF1A fulﬁlls a number of non-translational functions
[3,15–17], in particular, it is involved in actin-bundling [18–21].
The mechanism of its actin-bundling activity remains controver-
sial. The Tetrahymena eEF1A was shown to bind actin via Domain
III and cross-links ﬁlamentous actin (F-actin) due to the dimer
formation [19]. Contrary to that, the Dictyostelium eEF1A was
described to bind actin via its Domain I and Domain III and,
correspondingly, participates in the actin bundling as a monomer
[22]. As the extreme N-terminal region of the Dictyostelium
1188 D.O. Vlasenko et al. / FEBS Letters 589 (2015) 1187–1193eEF1A (ﬁrst 49 amino acids) was reported to be one of the two
actin-binding sites in a monomer [22] it appeared promising to
utilize the DeEF1A model to examine a role of the A and A⁄ helices
located in this structural segment in the stimulation of the actin
ﬁlaments bundling by the higher eukaryotic eEF1A.
Here, we have shown that the A,A⁄,A0 helices region makes less
or no contribution to the physical stabilization of the eEF1A1 
eEF1Ba complex. The absence of the A,A⁄,A0 helices region which
is located in Domain I of eEF1A eliminated the ability of eEF1A1
to bundle F-actin. However, the only Domain III of eEF1A1 was
found to directly interact with F-actin. This controversy was
resolved via modeling DeEF1A1 on the template of eEF1A2
recently crystallized in the dimeric form [5]. The absence of the
A,A⁄,A0 helices region made impossible the dimerization of eEF1A
which was suggested to be important for actin bundling. The same
mechanism has been recently observed for actin bundling by the
Tetrahymena eEF1A [20]. We suggest eEF1A1 functions in transla-
tion as a monomer while the dimeric form of eEF1A1 is needed
for actin bundling in mammalian cells.
2. Materials and methods
2.1. Materials
eEF1A1 was isolated from rabbit liver as described earlier
[23,24]. The nucleotide exchange factor eEF1Ba produced inFig. 1. Features of DeEF1A1. (A) Electrophoretic characterization of eEF1A1 and DeEF1A
dashed rectangle depicts N-terminal fragment, removed by limited trypsinolysis. The G1
Highly conserved residues from those motifs are highlighted in green. (C) Models of the e
of eEF1A1 are numbered in black. Removed by trypsinolysis part of Domain 1 is shown
eEF1Ba and eliminated by limited trypsinolysis, are depicted.Escherichia coli and fully active in nucleotide exchange [5] was
kindly provided by V. Shalak. The protein concentration was mea-
sured using the Bradford procedure [25] with bovine serum albu-
min as a standard. Limited proteolysis of eEF1A and subsequent
separation of the truncated eEF1A1 (DeEF1A1) from its N-terminal
fragment by the SP-Sepharose cationic exchange chromatography
were performed as described [13]. The level of trypsinolysis was
controlled by polyacryamide gel electrophoresis (Fig. 1A). The rab-
bit skeletal muscle actin was purchased from Cytoskeleton, Inc.
The protein was reconstituted, according to the manufacturer’s
instructions. A working concentration was made with General
Actin Buffer (5 mM Tris–HCl, pH 8.0, 0.2 mM CaCl2) supplemented
with 0.2 mM ATP and 0.5 mM dithiothreitol (DTT). Before each
experiment, actin was incubated on ice for 60 min following by
centrifugation at 13000 rpm for 15 min. The recombinant domains
of Homo sapiens eEF1A1: D1 (1–243), D1 + D2 (1–333), D2 + D3
(244–462) were generously gifted by C. Knudsen. The domains
were expressed as the GST fusion proteins in E. coli and puriﬁed
with GST-Sepharose 4B beads (GE Healthcare Life Sciences)
according to the manufacturer’s instructions.
2.2. Nucleotide exchange measurement
The guanine nucleotide exchange rate of DeEF1A1 in the pres-
ence and absence of eEF1Ba was determined by a ﬁlter binding1. Staining with Coomassie Blue. (B) Presentation of the structure of eEF1A1. Blue
and G2 conserved nucleotide binding motifs are outlined with magenta rectangles.
EF1A1 and DeEF1A1 complexes with the C-terminal domain of eEF1Ba [4]. Domains
in black. eEF1Ba is shown in blue. Hydrogen bonds formed between eEF1A1 and
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DeEF1A1  [3H] GDP was prepared by incubation of DeEF1A1 and
[3H] GDP (GE Healthcare, 1500 Ci/mol) in a binding buffer
(45 mM Tris–HCl, pH 7.5, containing 0.5 mM DTT, 10 mM MgCl2,
100 mM NH4Cl, 1 mg/ml bovine serum albumin (BSA) and 25%
glycerol), for 10 min at 37 C. The exchange reaction was per-
formed at 25 C and was initiated by the addition of an exchange
buffer (20 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 50 mM NH4Cl and
10% glycerol) containing 750 lM GDP in the presence or absence
of eEF1Ba. Aliquots were withdrawn at different times and imme-
diately ﬁltered through nitrocellulose ﬁlters (Millipore, Billerica,
MA, USA, pore size 0.45 lm). The ﬁlters were washed with 1 ml
of an ice-cold washing buffer (20 mM Tris–HCl, pH 7.5, 10 mM
MgCl2, 100 mM NH4Cl and 0.1 mg/ml BSA), dried and counted in
a liquid scintillator. The time courses were obtained by averaging
three independent kinetics experiments; the error bars represent
standard deviations. The data were evaluated by ﬁtting to a single
exponential function (y = A1  exp(x/t1) + y0).
2.3. Gel-shift assays
The gel-shift assay of the complexes of eEF1A1 and DeEF1A
with eEF1Ba was performed in 10% polyacrylamide gel under
non-denaturing conditions (Tris–borate buffer, pH 7.5). The con-
centration of eEF1A1 andDeEF1A in the samples was kept constant
(7.2 lM) while the concentration of eEF1Ba varied as indicated. To
help an efﬁcient separation of the protein–protein complexes the
wells were made in the middle part of the horizontal polyacry-
lamide gel to permit differently charged eEF1A and eEF1Ba to
run to the opposite directions at pH 7.5. The experiments were
done at least three times.
2.4. Actin binding assay
To identify the actin-binding regions of eEF1A1 the GST pull-
down assay was performed. 15 lg of GST or GST-tagged domains
of eEF1A1 were mixed with 20 ll of Glutathione Sepharose 4B
(GE Healthcare) for 1 h at room temperature in the buffer A
(20 mM Tris–HCl, pH 7.5, 50 mM NaCl, 1 mM MgCl2, 6 mM 2-mer-
captoethanol). The supernatant was removed and the carrier was
washed ﬁve times with the buffer A. The beads were incubated
with the buffer A containing 5% BSA for 1 h at room temperature,
followed by ﬁve washing steps. Then, the buffer containing actin
(15 lg), 50 mM KCl, 2 mMMgCl2 and 1 mM ATP was added to each
sample. The samples were incubated 1 h at room temperature. The
supernatant was carefully removed. The beads were washed ﬁve
times with the Buffer A. The proteins were eluted with an elution
buffer (50 mM Tris–HCl, pH 8.0, 20 mM glutathione). Then, the
samples were subjected to SDS–PAGE and further analyzed by
immunoblotting with the b-Actin (C4) mouse antibodies (Santa
Cruz Biotechnology, Inc), followed by the HRP-conjugated anti-
mouse antibodies. The experiments were repeated at least three
times.
2.5. Actin bundling assay
The actin bundles formation was examined with the low-speed
actin co-sedimentation assay [26]. eEF1A1 and DeEF1A1 were dia-
lyzed into the buffer B (20 mM Tris–HCl, pH 7.5, 1 mM MgCl2,
6 mM 2-mercaptoethanol). Actin (4 lM) was prepared as described
in the Section 2.1 and incubated with eEF1A1 (4 lM) or DeEF1A1
(4 lM) in a total volume of 20 ll for 30 min at room temperature.
The volume of each sample was adjusted with the buffer B.The mixture was supplemented with 50 mM KCl, 2 mM MgCl2
and 1 mM ATP. The samples were centrifuged at 13000 rpm for
15 min. The supernatants and pellets solubilized in the SDS–
PAGE sample buffer were analyzed by SDS–PAGE, with subsequent
Coomassie Blue staining. The intensity of the actin bands was
analyzed with GelQuant.NET software (biochemlabsolutions.com).
The experiments were repeated at least three times.3. Results
3.1. Nucleotide exchange factor eEF1Ba interacts with DeEF1A1 and
eEF1A1 with similar afﬁnity but does not accelerate the nucleotide
exchange rate in DeEF1A1
After the publication of the X-ray structure of mammalian
eEF1A2 [5] it became clear that described earlier N-terminal trun-
cation of eEF1A by limited trypsinolysis [10,11,13] results in the
precise removal of its A,A⁄,A0 helices (Fig. 1B). This fact opened a
possibility to use the natively puriﬁed and fully post-translation-
ally modiﬁed protein to investigate a role of this region in the
eEF1A functioning. The A,A⁄,A0 helices region is of functional
importance for nucleotide binding as it comprises G1 motif of
the nucleotide binding Domain I (Fig. 1B). Apart from this, this
region may be also needed for the stabilization of the
eEF1A1  eEF1Ba complex as it comprises at least three amino acid
residues (Ser21, Lys64 and Glu68) (Fig. 1C) that may contact
eEF1Ba in the crystal [6].
To examine an impact of this region on the eEF1A1  eEF1Ba
complex formation we compared the ability of DeEF1A1 and
eEF1A1 to bind eEF1Ba in the gel-shift experiment. Fig. 2A shows
that the complexes with eEF1Ba were produced by both DeEF1A1
and eEF1A1 at the same protein:protein ratio which suggests a
similar afﬁnity of the complexes. The positions of the individual
proteins in the gels were veriﬁed by Western blots with the
corresponding antibodies (data not shown). Interestingly, the pres-
ence of eEF1Ba did not impact the nucleotide exchange rate in
DeEF1A1 (Fig. 2B).
3.2. The absence of the A,A0,A⁄ region eliminates actin-bundling
properties of eEF1A1
eEF1A is known to bind F-actin causing the formation of the
actin bundles in lower eukaryotic cells [18,19,21]. According to
the model [22] two apparent actin-binding sites are situated in
the region comprising 1–49 amino acid residues and in the C-term-
inal part of the eEF1A molecule. The alternative model [20] sug-
gests the existence of the exclusive actin-binding site located in
the C-terminal part of the eEF1A molecule. In this case, actin bund-
ling is stimulated by the eEF1A dimer. Thus, DeEF1A1 is an appro-
priate tool to verify the suitability of the proposed models for the
mammalian eEF1A.
The absence of the A,A⁄,A0 helices located in Domain I com-
pletely abolished the actin-bundling activity of higher eukaryotic
eEF1A1 (Fig. 3A) that, at ﬁrst thought, favored the ﬁrst model
[22]. To ﬁnd out the number and location of the actin-binding sites
in the higher eukaryotic eEF1A1 molecule we examined the bind-
ing of F-actin to the engineered constructs of the GST-fused
Domain I, Domain (I + II) or Domain (II + III) in the GST pull-down
assay. Surprisingly, the only domain of rabbit eEF1A1 capable to
bind actin was Domain III (Fig. 3B). The question arose how the
removal of ﬁrst 69 amino acids from Domain 1, that does not bind
actin by itself, may eliminate the eEF1A1-mediated effect on actin
bundling.
Fig. 2. Interaction of eEF1A1 and DeEF1A1 with the nucleotide exchange factor eEF1Ba. (A) Gel-shift assay of the complex between DeEF1A1 (left panel) or eEF1A1 (right
panel) with eEF1Ba. (B) Kinetics of [3H] GDP/GDP exchange in DeEF1A1 in the presence and absence of eEF1Ba. Goodness (R2) of single exponential ﬁts was calculated to be
>0.99 for both curves.
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eEF1A1 impossible
To resolve the apparent inconsistency we modelled the struc-
ture of DeEF1A1 taking as a template the newly published X-ray
structure of rabbit eEF1A2  GDP present in the crystal as a dimer
[5]. It is clearly seen that the removal of the N-terminal part of
Domain I should be ruinous for the eEF1A dimer (Fig. 4A), as the
dimer is formed mainly via the contacts of Domain I of one mole-
cule with Domain III of the counterpart. Precisely, the backbone –
side chain contacts Gly32-Tyr254, Asp35-Asp252, Arg68-Lys100
cannot be formed while the only Arg322 interactions with Ser76
and Asp74 may be preserved in DeEF1A1. Therefore, we suggest
that the absence of the A,A⁄,A0 helices region may have rather indi-
rect effect on actin bundling; namely, it may prevent the formation
of a eEF1A dimer. The eEF1A dimers may bundle actin ﬁlaments as
shown in Fig. 4B. Thus, our data favor the view that actin bundling
is provided by a dimer of higher eukaryotic eEF1A.4. Discussion
Recently we have solved the X-ray structure of eEF1A2  GDP
and advanced the molecular mechanism of the nucleotide
exchange factors functioning in eEF1A, according to which the
Glu68-His95, Glu68-Asp97 and Arg69-Asp97 interactions in
eEF1A  GDP should be destroyed by eEF1Ba to promote efﬁcientnucleotide exchange [5]. eEF1Ba also weakens up the interactions
of Lys20 and Ser21 with the b-phosphate of GDP [5,6] and destroys
the contact between Asp17 and the b-phosphate. All these amino
acids are included in the A,A⁄,A0 helices region of eEF1A which is
lacking in DeEF1A1. Here we used the DeEF1A1 model to examine
the contribution of this region to the overall stabilization of the
eEF1A1  eEF1Ba complex. The removal of the A,A⁄,A0 region from
eEF1A1 did not inﬂuence the complex strength suggesting little
structural importance of this region for the eEF1A1  eEF1Ba
complex formation.
Nucleotide exchange in DeEF1A1 is not stimulated by eEF1Ba.
However, in the absence of the exchange factors, the removal of
the A,A⁄,A0 region was shown to result in about 3-fold decrease
in the eEF1A1 capacity to bind GDP or GTP [13]. Therefore, the
absence of eEF1Ba ability to stimulate nucleotide exchange in
DeEF1A1 may be at least partially explained by the altered nucleo-
tide binding properties of the truncated protein per se. Further
investigations are needed to unambiguously determine a func-
tional importance of this eEF1A region for eEF1Ba-catalysed
nucleotide exchange.
A single actin-binding site was identiﬁed in Domain III of the
Tetrahymena eEF1A monomer [20] while both Domain I and
Domain III of Dictyostelium eEF1A showed the actin-binding prop-
erties [22]. As a single entity must have two binding sites to serve
as a cross-linking agent, it was therefore inferred that Tetrahymena
eEF1A acted in actin bundling as a dimer while Dictyostelium eEF1A
cross-linked actin ﬁlaments as a monomer. Both hypotheses have
Fig. 3. Interaction of eEF1A1 and DeEF1A1 with actin. (A) Low-speed actin co-sedimentation assay. The supernatants (S) and pellets (P) were analyzed by SDS–PAGE. The
bands corresponding to eEF1A1 (50 kDa), DeEF1A1 (42 kDa) and actin (43 kDa) are shown by arrows. Note overlapping of the actin and DeEF1A1 bands. (B) GST pull-down
assay. Different GST-fused constructs coupled with glutathione Sepharose beads were incubated with actin, washed and eluted with 20 mM glutathione. eEF1A1-derived
polypeptides: D1 – domain 1, D1 + 2 – (domain 1 + domain 2), D2 + 3 – (domain 2 + domain 3).
Fig. 4. Dimeric structure of eEF1A is required for actin bundling. (A) DeEF1A loses the structural elements responsible for dimerization of eEF1A [3]. Chain A colored in red,
chain B colored in blue. Removal of the N-terminal part of eEF1A disrupts hydrogen bonds contributing to the dimer formation. (B) Model of the eEF1A dimers involvement
into actin bundling. Domain III of each dimer binds the actin ﬁlaments, whereas Domain I contacts Domain III of the counterpart chain to stabilize a dimer.
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ested to reveal how the absence of a putative actin-binding site
located in Domain I, would inﬂuence the actin-bundling properties
of the mammalian protein.
We found that Domain I of mammalian eEF1A1 did not bind
actin (Fig. 3B) so it cannot be directly involved into actin bundling.Therefore, a negative effect of the Domain I removal on actin
bundling (Fig. 3A) is rather indirect and may be explained by
the inability of DeEF1A1 to dimerize. We suggest a dimer of higher
eukaryotic eEF1A1 provides two equal binding sites for the actin
ﬁlaments crosslinking as it does Tetrahymena eEF1A [20]. A model
of the actin-bundling by mammalian eEF1A1 is shown (Fig. 4B)
1192 D.O. Vlasenko et al. / FEBS Letters 589 (2015) 1187–1193which is based on the recent X-ray structure of the eEF1A2 dimer
[5]. As mentioned above, the eEF1A1 and eEF1A2 variants are
highly homologous. Both proteins were shown to form dimers,
albeit the ability of eEF1A1 to dimerize appeared more pronounced
[27]. We assume that the mammalian eEF1A1 and eEF1A2 dimers
bind to the actin cables via domains III while the dimerization
occurs through the Domain I–Domain III interaction, contrary to
the Domain III–Domain III interaction suggested for the
Tetrahymena eEF1A dimer [20]. Direct comparison of the actin
bundling properties of the eEF1A1 and eEF1A2 dimers is an
interesting task for future research.
We imply that the eEF1A dimer while being important for actin
bundling, is not required for the eEF1A function in translation. The
observed decrease in the nucleotide binding efﬁciency of DeEF1A1
[13] occurred most probably due to the loss of the diphosphate
binding region G1 and distortion of the G2 region in the truncated
protein (Fig. 1B) rather than due to inability of DeEF1A1
to form the dimers. Moreover, the DeEF1A1  eEF1Ba and
eEF1A1  eEF1Ba complexes showed similar association strength
(Fig. 2A) suggesting that the eEF1A1 dimer is not needed for the
association of eEF1A1 with the nucleotide exchange factors
The dimers of higher eukaryotic eEF1A have been recently
described in cellulo [28–30], investigated in detail in vitro [27]
and crystallized [5]. The formation of the eEF1A dimers was sug-
gested to be of regulatory signiﬁcance [28]. As the protein dimers
are frequently involved in actin bundling [31,32] we suppose that
the dimeric fraction of eEF1A is mostly involved in the actin
cytoskeleton rearrangement. Thus, the distribution of the eEF1A
molecules between the monomeric and dimeric fractions may allo-
cate eEF1A either to the translational units or actin ﬁlaments
correspondingly. As the actin cables and translational network
are co-localized in cells and may be functionally dependent
[33,34] the monomer–dimer–monomer transition of eEF1A should
be relatively easily achieved depending on the cell conditions. Such
an interconversion may be regulated by the reversible post-
translational modiﬁcations of eEF1A [35] and its interactions with
the protein partners such as Rho1p [36].
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